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The nuclear shielding and self-diffusion coefficient of xenon-129 dissolved in the so-called critical mixture of
two nematic liquid crystals with opposite diamagnetic anisotropy were determined as a function of
temperature applying 12°Xe NMR spectroscopy. In the critical mixture, the liquid crystal director rotates 90°
from the parallel direction to the perpendicular one with respect to the external magnetic field when
approaching the critical point from high temperature side. The director reorientation offers a straightforward
means to determine the self-diffusion coefficients of xenon, D and D, , in the parallel and perpendicular
directions, respectively, relative to the liquid crystal director simply by applying pulsed Z-gradient only. The
self-diffusion tensor was found to be slightly anisotropic, the ratio D, /D being ca. 0.78, over the whole
temperature range investigated. The fit of a theoretical model function to the experimental shielding data gives
the 12°Xe shielding constant, o, , and the anisotropy of the shielding tensor, Ac,, as well as the density change
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at the isotropic—nematic phase transition. Furthermore, temperature dependence of shielding and shielding
anisotropy can be determined with the help of the adjusted parameters.

Introduction

129%e NMR shielding of xenon dissolved in liquid crystals
(LCs) gives versatile information on the LC behavior. In par-
ticular, when the shielding is measured at variable tem-
peratures various properties may be determined; such as the
sign of the anisotropy of the diamagnetic susceptibility tensor,
Ayg4, of the LC, phase transitions and phase diagrams, and
orientational order parameters.!~* Recently, a theory based
on a statistical mechanical approach was presented. Accord-
ing to this model, in the pairwise additivity approximation of
shielding perturbations the isotropic and anisotropic contri-
butions of the experimentally observable noble gas shielding
are dependent upon the LC density and the latter depends
furthermore on the second rank LC orientational order
parameter.’

When a liquid crystalline sample is placed in an external
magnetic field with flux density B,, the sample becomes mag-
netized and the magnetic energy density is®

2

B
P = — 2_0 [xa + 3Axa Py(cos 0)], ()
Ho

where y, is permeability of a vacuum, and x4 and Ay, are the
isotropic average and anisotropy of the diamagnetic volume
susceptibility tensor x4, respectively. P,(cos 6) = (3 cos®
0 — 1) is the second order Legendre polynomial with 6 being
the angle between the LC director n and the external magnetic
field B, . Keeping in mind that y, is negative whereas Ay, may
be either negative or positive and considering the minimum
energy density condition, one may derive the following con-
clusions: (a) the orientation of the LC director, n, with respect
to the external magnetic field is determined by the sign of Ay,,
and (b) if the sign is positive, n orients parallel with the exter-
nal magnetic field, B,, while if the sign is negative, n orients
perpendicular to B,.

When two LCs are mixed, the anisotropy of the dia-
magnetic susceptibility is a weighted average of the Ayy’s of
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the components: 78
Axg = vAxa + (1 — v)Axan, 2

where Ayg and Ay, are the anisotropy of the diamagnetic
susceptibility of components I and II, respectively, and v is the
volume fraction of the component I. The volume diamagnetic
anisotropy of each component may be represented by’
pAT) m
Ayqi = M. Ayxi*S(T) @)

i

where i =1 or II, p(T) is the density, M is the molar mass,
Ayx™ is the anisotropy of the molecular susceptibility tensor
(essentially independent of temperature), and S(T) is the
second rank orientational order parameter.

From eqns. (1)—(3), one may conclude that when mixing two
thermotropic nematic liquid crystals, one with a negative and
the other one with a positive diamagnetic anisotropy, in an
appropriate volume ratio it is possible to reach by the chang-
ing sample temperature the so-called critical point at which
the total Ay, vanishes. On the high temperature side of the
critical point Ay, > 0, and thus n is parallel with B,, whereas
on the low temperature side Ayy < 0 and n is perpendicular to
B, . At the exact critical condition the LC sample consists of
an isotropic orientational distribution of molecules. However,
it is extremely difficult to reach and maintain the exact critical
condition because it requires accurate temperature regulation
and a vanishing temperature gradient, and therefore only a
distribution of domains of variable size and orientation may
be detected, and the NMR spectrum of LC molecules or
solute molecules resembles a powder pattern.®

In the present study, we have measured the 12°Xe shielding
with respect to an external low-pressure gas reference as a
function of temperature for xenon in the mixture of two
nematic LCs: ZLI1167 with negative Ay, and EBBA-d, with
positive Ay, , which when mixed properly generate the critical
condition described above. The recently developed theoretical
model was applied to interpret the data. Furthermore, we uti-
lized a LC director rotation of 90° at the critical point for the

DOI: 10.1039/b102828f

This journal is © The Owner Societies 2001

line


http://dx.doi.org/10.1039/b102828f

Downloaded on 14 June 2011
Published on 04 July 2001 on http://pubs.rsc.org | doi:10.1039/B102828F

90" 180° 180°

R

(b)

> o <
d hd

Fig. 1 Convection compensating DSE pulse sequence'® used for self-
diffusion measurements: (a) radiofrequency and (b) gradient pulses.
Diffusion is encoded by varying the gradient strength G,, while the
total measurement time (4t) was kept constant, i.e. signal attenuation
due to transverse relaxation is constant. Phase cycling of radiofre-
quency pulses and receiver are as in ref. 10.

measurement of the '?°Xe self-diffusion coefficients, D and
D, , at the two orientations of the director.

Experimental

The '2°Xe shielding and self-diffusion experiments were per-
formed for '2°Xe enriched (70%) xenon gas dissolved in the
mixture of Merck ZLI1167 (77 wt.%) and EBBA-d,(4-
ethoxybenzylidine-2,6-dideutero-4'-n-butylaniline; 23 wt.%).
ZLI1167 is composed of three 4-n-alkyl-trans,trans-
bicyclohexyl-4'-carbonitriles and possesses negative anisot-
ropy of diamagnetic susceptibility. EBBA-d, has a positive
diamagnetic anisotropy. The sample was placed in a 5 mm
glass tube and carefully degassed prior to xenon gas transfer
(equilibrium pressure ca. 1.8 atm) and flame sealing. All the
experiments were performed on a Bruker Avance DRXS500
spectrometer equipped with 5 mm Bruker inverse broadband
probe with integrated Z-gradient coils (gradient in the direc-
tion of the external magnetic field; maximum gradient
strength 0.566 T m~1'). For !2°Xe, the DRX500 operates at
138.8 MHz. The temperature was calibrated with a sample of
ethylene glycol (80%) in DMSO.

The self-diffusion measurements were carried out by the
convection compensating double spin echo (DSE) pulse
sequence with ramped Z-gradient pulses as described in ref. 10
(see Fig. 1). The diffusion data were acquired with eight differ-
ent values of the gradient strength so that the first gradient
value is zero, accumulating 16 scans and keeping the total
measurement time 4t constant. Furthermore, the ratio of the
minimum to maximum signal amplitude was about 0.1. The
parameters used, which are shown in Fig. 1, were: G, = 0-
0.566 Tm™1, 4 =66-146 ms, 6 = 5 ms and d = 0.8 ms. The
90° pulse repetition time (—5 x T;) was chosen according to
the measured longitudinal relaxation times T; of '?°Xe in
both phases. In the isotropic phase the measured T; was ca. 40
s whereas in the nematic phase it shortened from about 30 s to
20 s with decreasing temperature. The measurements were
started by warming the sample to 351.9 K (isotropic phase)
and then cooling in 2.3 K temperature intervals over the
isotropic—nematic phase transition and critical point to 300.8
K. The !?°Xe shielding was referenced to the low-pressure
pure gas signal at 299.7 K.

Results and discussion

A. 129Xe shielding

The average of the shielding tensor element in the direction of
the external magnetic field (Z) can be represented in the form®

022> = p(T){oo[1 — &T — Ty)]
+ 3Ac,[1 — Ae(T — T,)]P,(cos O)S(T)},  (4)
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where o, and Ag, are the shielding constant and shielding
anisotropy, respectively, at the reference temperature Tj,. The
coefficients ¢ and Ae¢ describe the temperature dependence
(assumed to be linear) of shielding and shielding anisotropy,
respectively. The other parameters have the meaning as
explained in the Introduction. The temperature dependence of
the density of the present LC is not known. It is, however, a
good approximation to assume a linear dependence:!!
o(T) = po[1 — T — Tp)], where p, is the density at the refer-
ence temperature and « is the isobaric thermal expansion coef-
ficient. In the various phases (isotropic and nematic ones in
the present case) a is not necessarily the same, and, moreover,
the density is discontinuous at the isotropic—nematic phase
transition. Thus, in the nematic phase the density is described
by the function: p(T) = po{[1 — T — To)] + Ap/p,}, Where
Ap is the density jump in the isotropic—nematic phase tran-
sition. The temperature dependence of the second rank orien-
tational order parameter was described by the Haller function
S(T) = (1 — yT/Ty)?, where Ty is the isotropic-nematic phase
transition temperature (chosen to be the reference temperatute
T,), and y and z are adjustable parameters.!?

Fig. 2 shows the measured !2°Xe NMR spectrum of xenon
gas dissolved in the critical mixture of Merck ZLI1167 and
EBBA-d, at different temperatures. Because the '2°Xe shield-
ing was measured relative to an external low-pressure gas
sample, a bulk susceptibility correction, g, , has to be applied
to get the pure medium effect on the shielding. For a long
cylindrical sample with its axis parallel with the external mag-
netic field, the correction may be calculated from?3

T
o= 40t + 328 27, o)

where both y, and Ay, are given in m3 mol ™. Neither y, nor
Ay, is known for the present ZLI1167/EBBA-d, mixture.
Therefore, y,/M was chosen to be —8.87 x 107° m3 kg~ !
(xa = —2.56 x 107° m® mol ! when a molar mass of 0.289 kg
mol~! is used), which is the value for one of the three com-
ponents of ZLI1167.1* As we are dealing with a LC mixture
with vanishingly small, though slightly positive or negative,
Ayq4, We can omit the latter term in eqn. (5) without intro-
ducing any significant error, in particular when keeping in
mind the approximate value for y,.

The least-squares fit to eqn. (4) was carried out in two
stages: first, the isotropic—nematic phase transition tem-
perature, Ty, = Ty, was fixed to 343.8 K and the parameters
gy, & po and a were adjusted for the isotropic phase in which
the second part of eqn. (4) vanishes (because S = 0), and sec-
ondly, o,, ¢ and p, were kept fixed to the values obtained in
the isotropic phase whereas Acg,, o, Ae, Ap/p, and z were
adjusted. The other parameter, y, in the Haller function was
chosen to be 0.9988, which was the value of y for pure EBBA-
d,.> The experimental shielding values and the results of the
least-squares fits are shown in Fig. 3. The values of the adjust-
ed parameters are collected in Table 1. Fig. 4 in turn shows
the orientational order parameter S as a function of tem-
perature.

The fit results in a density p, of 0.975 4+ 0.001 gcm ™3 and a
relative density jump Ap/p, of (0.55 + 0.02)% at the isotropic—
nematic phase transition temperature Ty; = Ty = 343.8 K. The
corresponding data are not known for the present mixture or
ZLI1167. For pure EBBA, they are 0.989 g cm ™3 and 0.26%,
respectively, which are very similar to what is obtained here.'®
One should, however, point out that the Ty, of pure EBBA is
ca. 352.5 K and that the present mixture consists of only ca.
23 wt.% EBBA-d,. The calculated '2°Xe shielding jump due
to the density jump at the isotropic-nematic phase transition
is ca. —1.1 ppm (see Fig. 3), which is in good agreement with
the earlier estimated value of —1 ppm.! The thermal expan-
sion coefficients o derived for the isotropic and nematic phases
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Fig. 2

129%e NMR spectrum of xenon gas dissolved in the critical mixture of Merck ZLI1167 and EBBA-d, as a function of temperature with a

step of 2.3 K. The shielding values are given with respect to the shielding of external low-pressure xenon gas and the shielding scale is defined as
positive to low frequency. Each spectrum was from a DSE experiment without field gradient pulses (see Fig. 1). In the isotropic—nematic phase
transition the 12°Xe shielding abruptly decreases ca. 9 ppm. Conversely, due to the 90° rotation of the LC director # at the critical point the 12°Xe
shielding abruptly increases about 18 ppm. Line broadening near the isotropic-nematic phase transition is caused by instabilities, e.g. temperature

gradients and fluctuations, in the sample tube.
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Fig. 3 !?°Xe shielding (referenced to an external low-pressure xenon
gas sample) as a function of temperature T for xenon in the
ZLI1167/EBBA-d, LC mixture. ((J) Correspond to shielding without
bulk susceptibility correction; () shielding corrected for bulk suscep-
tibility. The solid lines represent least-squares fits to eqn. (4). The
abrupt change at 343.8 K indicates the isotropic-nematic phase tran-
sition. The other abrupt change at about 325 K is due to the rotation
of the LC director from the parallel (high temperature) to the perpen-
dicular (low temperature) direction with respect to the external mag-
netic field (so-called critical point). The calculated isotropic average of
the 12°Xe shielding tensor, i.e. the isotropic part of eqn. (4), in the
nematic phase is indicated by the dotted line. The density jump causes
the jump of the isotropic average of the *2°Xe shielding tensor at the
isotropic-nematic phase transition. The dashed vertical lines denote
the isotropic—nematic phase transition and the critical point.
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are 83+ 03 x107* K~ and 82+ 0.1 x 10~* K™, respec-
tively, which are very typical for thermotropic nematogens.!!
For example, for pure EBBA the respective values are
809 x 107* K~! and 9.92 x 10~* K~ 1.!5 The temperature
dependence of the 12°Xe shielding and shielding anisotropy
(i.e. the coefficients ¢ and Ag) are qualitatively similar to what
was observed for pure EBBA-d,.> However, in particular, Ae
is about one order of magnitude smaller than in EBBA-d, but
it is still negative, which indicates that in the present LC
mixture the average anisotropy of the local shielding tensor
(i.e. the anisotropic part of eqn. (4) without the orientational
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Fig. 4 The second rank orientational order parameter (with respect
to the LC director), S, of the ZLI1167/EBBA-d, mixture as a function
of temperature T. The isotropic-nematic phase transition temperature
T = 343.8 K is indicated by the vertical dashed line. Due to the
random orientations of the LC molecules, the orientational order
parameter S is zero in the isotropic phase.
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Table 1 Values of the parameters derived from the least-squares fits
of eqn. (4) to the experimental '2°Xe shielding data

Parameter Isotropic phase® Nematic phase®
T, = Ty/K 343.8° 343.8°

po/g cm ™3 0.975 + 0.001 0.975¢
Ap/po (%) — 0.55 £ 0.02
a/107* K™t 83403 82+0.1
do/ppm cm® g1 —201.5+ 0.1 —201.5°

g/107* K™ ! 37403 3.7¢
Acy/ppm cm? g1 — —327+03
Ag/1074+ K ! — —16+14

y — 0.99884

z — 0.197 + 0.003

% The errors are probable errors of the least-squares fits to eqn. (4).
The real errors are obviously larger due to experimental errors of the
temperature and the 12°Xe shielding. ® Fixed (see the text). ¢ Fixed to
the value obtained in the isotropic phase. ¢ Chosen on the basis of
other works® and kept constant.

order parameter) also decreases with decreasing temperature.’
Also, the fitted result for the parameter z of the Haller func-
tion, 0.197 £ 0.003, is close to the previous value of 0.182 for
pure EBBA-d,. Due to the parameter y (slightly smaller than
one, in the present case fixed to 0.9988) in the Haller function
the orientational order parameter S(T = Ty) = (I — y)* at the
isotropic—nematic phase transition temperature Ty, has a non-
zero value of 0.266, which is consistent with the Maier—Saupe
theory.1®

B. 12°Xe self-diffusion

In the present DSE experiment with ramped gradient
pulses,'? the self-diffusion coefficient D was determined from
the attenuation of the signal amplitudes,

A(dr, Gy) 8§\ & a2
22008 expd —2p2630| 674 - 2)+ & 22 b 6
A1, 0) R Tz 3)730 6 | ©

where the notations of Fig. 1 have been used. A(4t, G,) and
A(4z, 0) are the signal amplitudes with and without field gra-
dient pulses, respectively, and y is the gyromagnetic ratio of
the nucleus. Because the diffusion was encoded by varying the
strength of the gradient pulses and keeping the total measure-
ment time (4t) constant, the signal attenuation due to trans-
verse relaxation, exp(—4t/T,), is constant. The self-diffusion
coefficients were calculated by performing a least-squares fit of
eqn. (6) to experimental points. The resulting values of the
129%e self-diffusion coefficient in parallel direction to the
external magnetic field B, are plotted on a logarithmic scale
as a function of reciprocal temperature in Fig. 5. The solid
lines in Fig. 5 are the least-squares fits of the Arrhenius equa-
tion, D = Dyexp(E,/RT), where E, is the activation energy, R
is the universal gas constant (8.3145 J mol~! K1) and D, is
the pre-exponential factor. The isotropic-nematic phase tran-
sition temperature and the critical point are defined by the
129X e shielding data. The results of the Arrhenius fits, the pre-
exponential factor D, and the activation energy E, in the iso-
tropic and in the nematic phase at parallel and perpendicular
orientations of the LC director n with respect to B, are given
in Table 2.

In the isotropic phase, in which random orientations of the
LC molecules appear, the measured self-diffusion coefficient of
129Xe, D, is independent of the direction of the measure-
ment and it is equal to % of the trace of the second rank '2°Xe
self-diffusion tensor D. The value of the activation energy in
the isotropic phase, E;,, 19.9 + 3.7 kJ mol !, is within the
same error limits as for xenon in the isotropic phase of the
ferroelectric FELIX-R&D LC [22.3 + 1.6 kJ mol~1].1° In the
phase transition from the isotropic to the nematic phase, in
which n orients parallel with B, (as concluded above), the
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Fig. 5 The '2°Xe self-diffusion coefficient in the direction of the
external magnetic field B, as a function of reciprocal temperature T !
for xenon dissolved in the critical ZL11167/EBBA-d, mixture. The
solid lines represent the Arrhenius fits to the experimental points (@)
whereas the dotted lines were obtained by extrapolation. Error bars
denote the probable errors from the least-square fits of the DSE eqn.
(6) to the experimental data. Dashed vertical lines indicate the
isotropic—nematic phase transition and critical point according to the
129X shielding data. The open circles correspond to the points that
were omitted from the fits due to large errors. Near the isotropic—
nematic phase transition and the critical point the large errors orig-
inate, probably, from instabilities, e.g. temperature gradients and
fluctuations in the sample tube. The calculated isotropic average
(D)= %(D” + 2D ) is indicated by the dashed line.

measured '2°Xe self-diffusion coefficient increases and the self-
diffusion behavior is clearly discontinuous (Fig. 5). Another
discontinuity is detected at the critical point, where n rotates
by 90° and the '2°Xe self-diffusion coefficient decreases
abruptly. Near the isotropic—nematic phase transition and the
critical point and at one temperature in the nematic phase the
measured 12°Xe self-diffusion coefficients deviate very clearly
from the Arrhenius fits and, moreover, the error limits are
large (Fig. 5). Thus the corresponding points have been
omitted from the Arrhenius fits. Close to the isotropic—
nematic phase transition and the critical point the orientation-
al order of the liquid crystal is very sensitive to temperature
gradients and fluctuations, and evidently such instabilities in
the system can induce the scattering of the measured 12°Xe
self-diffusion coefficients. In the '2°Xe spectrum the insta-
bilities cause clear line broadening near the isotropic-nematic
phase transition (Fig. 2).

The self-diffusion measurements carried out in the direction
parallel with the external magnetic field on both sides of the
critical point yield the '2°Xe self-diffusion coefficients, D, and
D, , and the respective activation energies, E and E, , at the
two orientations of the director in the nematic phase. The sub-
scripts refer to the orientation of n with respect to B,. The
obtained activation energies E; and E, are equal and only
slightly greater than the value of the activation energy in the
isotropic phase (Table 2). Also, earlier investigations for the

Table 2 The pre-exponential factor, D,, and the activation energy,
E,, derived from the fit of the Arrhenius equation to the experimental
129X e self-diffusion coefficients determined at variable temperatures

Phase Dy/m? s~14 E,/kJ mol™'®
Isotropic 8.29 x 1077 19.9 + 3.7
Nematic (n||B,) 2.58 x 107¢ 230 + 1.6
Nematic (nLB,) 1.8910°¢ 228 +3.7

¢ The pre-exponential factor simply reproduces the experimental self-
diffusion coefficient over a certain temperature range, i.e. it has no
real physical significance, and, therefore, no error is given. ® The
errors are the probable errors of the Arrhenius fits.
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spherical TMS molecule in the nematic phase of the MBBA
(p-methoxybenzylidene-p’-n-butylaniline) and Merck Phase IV
(eutectic mixture of p-methoxy-p’-n-butylazoxybenzenes) LC’s
have shown that E; ~ E, .!” One should keep in mind that
the pre-exponential factor D, and the activation energy E, are
constants only within a phase.'®!” The behavior of D and
D, as a function of reciprocal temperature was extrapolated
over the whole nematic phase (Fig. 5) and consequently the
anisotropy of the 12°Xe self-diffusion tensor D can be defined
in the nematic phase. The obtained ratio of the self-diffusion
coefficients, D /D, varies from 0.780 to 0.787 when moving
from the isotropic-nematic phase transition temperature to
300.8 K, being 0.783 at the critical point. This is consistent
with the previous conclusion that the self-diffusion of small
globular objects in the nematic phase is only slightly aniso-
tropic, i.e. the ratio D /D is close to unity.'® However, in
contrast to the nematic phase of the ferroelectric FELIX-
R&D LC, where the measured ratio D,/D, for xenon was
1.6 + 0.3,19 it is smaller than unity in the present LC mixture,
as observed for TMS in the nematic phase of the MBBA and
Merck Phase IV LC’s.!” The observed equal activation ener-
gies E; and E, demonstrate that the '*°Xe self-diffusion
anisotropy depends mainly on long-range orientation of the
LC molecules in the nematic phase, contrary to the smectic
phases where the self-diffusion anisotropy depends primarily
on the strongly different activation energies within or perpen-
dicular to the smectic layers.!”

Because of the uniaxial symmetry of the nematic phase the
self-diffusion tensor is cylindrically symmetric with respect to
B,, and the isotropic average (D) can be calculated from
%(D“ + 2D ). At the isotropic-nematic phase transition point
the calculated (D) is ca. 0.7 x 1071° m? s~ ! smaller than the
extrapolated D, (Fig. 5). Such a result is in agreement with
the theory in which the generalized free volume approach is
used to evaluate diffusion coefficient of the small hard-sphere
tracer (i.e. spherical self-diffusion object) in the nematic
phase.'® In this model the difference between the D,,, and the
{D) originates from the orientation dependent component of
the density, the free-volume, which is visualized as a system of
rigid tubelike shells, polydisperse in length, dissolved in the
rodlike matrix.!®

Conclusions

We have applied 12°Xe NMR spectroscopy to study xenon
shielding and self-diffusion as a function of temperature in the
so-called critical mixture of two nematic liquid crystals with
opposite diamagnetic anisotropy. The LC director reorien-
tation at the critical point was utilized for the measurement of
the 12°Xe self-diffusion coefficients, D, and D,, at the two
orientations of the director by using the pulsed Z-gradient
only. The self-diffusion measurements were performed by
using the DSE experiment to avoid convection problems at
the elevated temperatures. The shielding data were interpreted
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by using a recently developed theoretical model,> which
yielded the isotropic '2°Xe shielding constant, the anisotropy
of the shielding tensor, the thermal expansion coefficients in
the isotropic and nematic phases as well as the density change
at the isotropic-nematic phase transition. Moreover the
parameters, which describe the additional temperature depen-
dence of shielding and shielding anisotropy, are given by
the fitting of the results. The self-diffusion experiments reveal
the discontinuous self-diffusion behavior of xenon at the
isotropic-nematic phase transition and at the critical point.
The observed self-diffusion coefficient D in the parallel direc-
tion with the LC director was found to be somewhat larger
than the self-diffusion coefficient D, in the perpendicular
direction to the director, the self-diffusion tensor being conse-
quently slightly anisotropic. The corresponding activation
energies E; and E, were found to be equal, and, thus, the
anisotropy of the self-diffusion tensor is practically indepen-
dent of temperature. The similar activation energies E and
E, indicate that the self-diffusion anisotropy originates mainly
from long-range orientation of the LC molecules in the
nematic phase. A non-negligible difference was found between
the extrapolated D, , and the calculated isotropic average {D)

iso

which is consistent with the theory'® presented previously.
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